Photoreceptor loss in the Royal College of Surgeons (RCS) rat is limited by transplantation of retinal pigment epithelial cell lines into the subretinal space prior to the onset of major photoreceptor loss. The purpose of this study was to examine to what extent visual cortical function was rescued by such transplantation and how the degree of rescue correlated with threshold responses recorded in the superior colliculus. To achieve this, single unit responses were recorded from the supragranular layers of cortical area, V1, at 7 months of age at a time when the cortex in these animals is normally non-responsive to specific visual stimulation. The best animals gave cortical responses that were very little different from normal. For the whole group studied, of the eight parameters measured for each cell, only three were significantly less well tuned than in normal non-dystrophic rats. In general, better single unit responses in the cortex were obtained with more photoreceptor rescue and this correlated with better threshold responses.
Introduction
The Royal College of Surgeons (RCS) rat has a receptor tyrosine kinase defect which results in photoreceptor degeneration due to a failure of the adjacent retinal pigment epithelium (RPE) to phagocytose shed outer segments (DÕCruz et al., 2000; Dowling & Sidman, 1962) . A number of studies have shown that the progressive loss of photoreceptors which occurs mainly over the first 3 months of life can be limited by transplantation of freshly harvested RPE cells into the subretinal space at an age before major photoreceptor loss has yet to occur (Castillo et al., 1997; Li & Turner, 1991; Little et al., 1996; Lund et al., 2001c; Sheedlo, Li, & Turner, 1989) . We have broadened these studies by using extended life human RPE cell lines as a source of donor cells. When transplanted to the subretinal space, these cells form a sheet of cells adjacent to BruchÕs membrane, integrating with host RPE cells. They survive for more than 5 months, maintain a viable photoreceptor layer and preserve central visual responsiveness and a range of visually mediated behaviors Lund et al., 2001a) .
The present study examines how cortical responsiveness is affected by the diminished sensory input that attends photoreceptor degeneration resulting from a genetic defect and how far it can be sustained by transplantation strategies aimed at preserving photoreceptors.
Rescue is not uniform across the retina, being generally best within the quadrant in which the cells were introduced, and in this study we have focused on the region of best responsiveness. This region has been located by measuring threshold response characteristics recorded from the superior colliculus (SC), which we have found to correlate quite well with the amount of photoreceptor rescue (Keegan, Sauv e e, Winton, Coffey, & Lund, 2000 ; Sauv e e, Klassen, Whiteley, & Lund, 1998) . Having achieved this, we then recorded single unit responses from that area of cortex representing the same part of the visual field, allowing us to examine the properties of cortical cells in the area of best retinal preservation. Unit responses were also recorded in unoperated RCS rats to ensure that at the time points studied in the transplant experiments, residual visual responsiveness was no longer evident. By way of background, a precedent study showed that single units recorded from the primary visual cortex (V1) of normal pigmented rats were specifically tuned for a range of stimulus parameters, including orientation, direction of movement, contrast sensitivity, spatial and temporal frequencies and showed complex center-surround interactions encountered in more visual animals, such as cat and monkey (Girman, Sauv e e, & Lund, 1999) .
The opportunity afforded by the RCS mutation allows examination of the more general question of how chronic loss of an input signal and manipulations aimed at limiting that process are reflected in central processing at the cortical level. Preliminary communications of parts of this work have been previously presented Girman, Sauv e e, & Lund, 2000; Lund, Girman, Wang, & Coffey, 2001b) .
Methods

Animals and transplantation procedure
Twenty eight dystrophic RCS rats were used for this study. Animals were housed and handled according to guidelines established by the British Home Office and to the NIH Guide for the Care and Use of Laboratory Animals. The study comprised three experimental groups: control untreated dystrophic rats (n ¼ 8, age 4-8 months), dystrophic rats with subretinal injections of human retinal pigment epithelium (hRPE) cell lines (n ¼ 14, age 7-8 months), and sham-injected dystrophics (n ¼ 6, age 6-8 months).
Donor cells for transplantation comprised two extended life human RPE cell lines. One was a spontaneously immortalized line, ARPE19 (ATCC) and the other (h1RPE7) was achieved using an SV40T procedure. These cells have been carefully characterized in previous work (Kanuga et al., 2002) . They were stored in liquid nitrogen prior to removing, culturing and preparing for transplantation as described elsewhere (Lund et al., 2001a) . Cultures of h1RPE7 or ARPE19 cells were trypsinized, washed and injected trans-sclerally into the subretinal space of young (3-4 weeks of age) dystrophic RCS rats. Two microliters or less of the cell suspension, containing about 1 · 10 5 cells/ll were injected using a fine glass pipette (internal diameter 75-150 lm). The procedure was visualized with an operating microscope through a dilated pupil. The cornea was punctured to reduce intraocular pressure and so limit efflux of cells. Immediately after injection, the fundus was examined to check for retinal damage or signs of vascular distress. Reattachment of the retina was confirmed 1 week later by fundoscopy. Any animals showing problems were rejected and were not included in the final count. As controls additional animals received injection of medium, others remain unoperated. Donor cells were checked for viability at the beginning and end of a transplantation session using dye exclusion. A typical figure of greater than 95% intact cells was obtained at both time points. All animals were maintained on oral cyclosporine (210 mg/l) which gives a blood level of about 300 lg/l .
Electrophysiological recordings
Retinal sensitivity assessment
To assess visual sensitivity we recorded single and multiunit activity in the superficial layers of SC using a modification of previous procedures (Lund et al., 2001a ; Sauv e e, Girman, Wang, Lawrence, & Lund, 2001 ). Animals were anesthetized with an intraperitoneal injection of ketamine (50 mg/kg) and xylazine (6 mg/kg). Once surgical anesthesia was achieved (monitored by abolition of the foot-withdrawal reflex), the head was shaved and fixed in a stereotaxic apparatus. Lignocaine (either injected or administered topically as a gel) was used around the clamp points and the future craniotomy site as a local anesthetic. EEG electrodes were installed to monitor anesthetic depth by the presence of EEG sleep spindles; supplementary injections of anesthetic were given as necessary. Body temperature was maintained at 37°C with a thermostatically controlled heating pad. The heart rate was monitored continuously. Atropine was not used to produce pupillodilation, but a pupil diameter of about 1.5-2 mm was sustained throughout the experiment. After making a small skin incision (3-3.5 mm long), tiny craniotomies (120 lm in diameter) were made in the skull over SC contralateral to the eye to be stimulated along a precise rectilinear grid of 500 lm steps that covered nearly all SC vertical projection with the exception of the most medial part, which was obstructed by the sagittal sinus. The orientation and position of the grid were defined with respect to the sagittal suture and lambda respectively. In some experiments, additional openings were needed to permit intermediate penetrations. A translucent hemisphere (55 cm radius, 0.02 cd/m 2 background illumination) was centered on the optic disc projection of the eye. Microelectrode recordings were made through each opening from the superficial layers of the SC to a depth of 100-300 lm using glass-coated tungsten electrodes (resistance: 0.5 MX) and the amplifier bandpass 500 Hz-5 KHz. Care was taken to record sufficiently superficially to avoid the larger receptive field (RF) cells of the deep stratum griseum superficiale and stratum opticum. The location of the collicular surface was recognized by a characteristic activity profile. Unit responses to light and the location of a discrete receptive field were defined using a near-threshold intensity flashing light spot (3°d iameter, 1 s on, 2 s off) and gradually increasing brightness until responses were found or up to a maximum of 4.5 log above background. After localizing the RF, post-stimulus time histograms (PSTH; 5 ms bins) were assembled on-line (CED Spike-2 software) for stimuli with progressively decremented brightness (minimal step of 0.1 log neutral density filter) until a response was obtained that was double the background activity. This gave the threshold level for that point on the visual field calculated as 4.5 log minus the value of the filter. A total of about 16-20 positions were recorded from each SC. In cases, when no responses were obtained with this procedure, we used a brighter hand-held broad-field flashing light to check if any visual responses could be elicited at the recording site. If so, the site was characterized as having threshold higher than 4.5 log, otherwise it was considered not to be visually responsive. While not recording absolute threshold responses, the recording conditions gave relatively consistent responses at any individual point, such that if returned to later in an experiment, a figure varying by no more than AE0.2 log could be expected.
After completing the SC recording session, a similar small craniotomy was made over the V1 representation of the same retinal region that gave the lowest threshold responses in the SC. The position of the craniotomy was determined using a visual field projection map on V1, obtained in non-dystrophic RCS rats in pilot experiments. Recordings were first made in V1 through the craniotomy to confirm that the position of RF in V1 was correct; if it was misaligned then 1 or 2 further craniotomies were made until correspondence was achieved. The scalp incision was then sutured and tetracycline ointment was applied topically. The wound healed completely in 3-4 days. Five to 7 days following the first recording session, the rat was prepared for detailed single unit cortical recording.
Single unit recordings in V1
The animals were prepared as described above. The initial craniotomy over V1 was re-exposed and a tungsten-in-glass microelectrode (resistance: 2-5 MX) introduced through the dura and lowered into the cortex. Units were isolated and characterized using previously described methodology (Girman et al., 1999) . In brief, upon isolation of a single unit, the corresponding receptive field was mapped and centered on a BARCO ICD 451B monitor (stimuli driven by an AT Truevision Vista Graphic board). The distance between the eye and monitor was set at 57 cm. At this viewing distance, the screen subtended 26°by 26°of visual angle. Black-andwhite display mode was used in these experiments; the average screen luminance was 30 cd/m 2 . To characterize isolated single units, several blocks of trials were presented to the animal. For each block of trials, selected stimulus parameters were varied in a random order, intermitting with presentations of a uniform field of averaged luminance to measure the neuronÕs spontaneous firing rate. Results of several repeated blocks (typically 5, but not less than 3) were averaged. Responses were compiled into average histograms synchronized with respective temporal cycles of the stimulus. On-line Fourier analysis was performed to calculate the mean response firing rate (F0) and its harmonic component at the fundamental stimulus frequency (F1). Calculation of F1 component allows us to observe neuronal responses in the absence of F0 responses. At the end of the recording session, the animal was either recovered for a subsequent session 5-7 days later, or sacrificed with an overdose of urethane.
Histology
After completion of recording sessions the stimulated eye was collected for histological assessment and in some cases, the opposite eye was also taken as an anatomical control. The orientation of the eye was maintained by placing a 6.0 suture through the superior rectus muscle prior to enucleation. After making a corneal incision, the eyes were immersed in fixative (2.5% paraformaldehyde, 2.5% glutaraldehyde, 0.01% picric acid, in 0.1 M cacodylate buffer, pH7.4). After fixation, the cornea and lens were removed by cutting around the ciliary body. A small nick was made in the periphery of the dorsal retina prior to removal of the superior rectus to assist in maintaining orientation. The retinae were then post-fixed in 1% osmium tetroxide for 1 h. After dehydration through a series of alcohols to epoxypropane, the retinae were embedded in TAAB embedding resin (TAAB Laboratories, Aldermarston, UK). Semi-thin sections were stained with 1% toluidine blue in 1% borate buffer.
Results
Baseline study of VI responsiveness in dystrophic RCS rats
Our previous study, recording from SC (Sauv e e et al., 2001), showed that retinal sensitivity in RCS rats gradually declined over a period ranging from 6 weeks of age through 6 months. By 7 months visual responses in the retina were elicited only at very rare sites with a 4 log unit or more elevation in threshold. Here we studied VI responsiveness in unoperated RCS rats to differentiate residual VI function from that related to the effects of transplantation.
Single unit studies in V1 of dystrophic RCS rats at age 4 months or older revealed that despite the profound retinal degeneration, neurons could still be isolated that responded selectively to specific visual stimulation. However, visually responsive units were generally less frequently encountered than in normal animals. Spatial and temporal resolution and contrast sensitivity were poorly tuned and no inhibitory surround beyond the RF center could be identified in any of the 68 cells characterized. Spontaneous activity was usually higher than in normal animals. Occasional responsive neurons could still be found up to 6 months of age, but they were hard to localize and responded unreliably. After 7 months of age we were unable to identify units in V1 that were responsive to the stimulus conditions presented here.
Hence, to ensure that recordings were the result of transplantation or sham injections rather than of residual responses of V1 neurons during the natural course of degeneration, we have studied operated RCS rats aged over 7 months, by which time any visual responses encountered in V1 could only be due to the specific treatment.
As further security, we also examined both SC and V1 contralateral to untreated eye in some grafted rats aged over 7 months. In all these cases we failed to record visual responses in V1 to specific stimulation through the untreated eye and elicited very weak responses in SC only to light flashes brighter than 3.5-4 log at rare recording sites (no more than in two and more commonly only one per animal).
Responses recorded from RCS rats with RPE cell line transplants
Estimation of retinal sensitivity
In previous studies (Sauv e e et al., 2001) we found that by measuring response sensitivity in the SC, we could get a good indication of which area of the visual field was best preserved. Furthermore the area with lowest threshold response levels also corresponded to the general region of retina with best photoreceptor survival. Accordingly, prior to recording from the cortex we surveyed the threshold responses in the SC to define the area of best retinal function and most likely therefore, the best photoreceptor rescue. This made it easier to select the area of cortex from which the best responses were likely to be recorded.
Examples of visual threshold distributions over the SC receiving input from the grafted eye are shown in Fig. 1 , demonstrating both typical and the best results. This is compared with responses obtained from an SC driven by an unoperated eye, either contralateral to a unilateral transplant or in a completely unoperated dystrophic rat. Data acquired in SC recording sessions for all 14 grafted rats are summarized in Table 1 . As can be seen, transplantation has a clear effect on retinal sensitivity in all but two grafted rats. In the best preserved retinal sites, the average value of the visual threshold for all twelve of these rats was as low as 1.73 log units, and it could be as low as 0.6 log units in the best individual cases, a figure which is close to values recorded in normal non-dystrophic rats. The area of SC with threshold responses lower than 3.5 log units averaged 56.9% in this group with the best animal giving a figure of 80%. In these rats a significant area of SC (mean value approximately 30%) had visual thresholds lower than 2.5 log. In contrast, in the SC contralateral to the untreated eye, the lowest visual threshold recorded was 3.4 log, and typical value was more than 4.5 log. A figure of 4.5 log lies at the limit of feasibility using the present test system. Two remaining grafted rats (2387 and 2411) had the lowest visual thresholds equal to 3.5 and 3.9 log correspondingly, significantly higher than in any other grafted rat. The reason for these failures lay most probably with unsuccessful outcome of transplantation or possible transplant rejection at some stage before the microelectrode recording session. Thus, we have separated them into an unsuccessful graft group.
The properties of V1 single unit visual responses in the area of best response
The object of this part of the study was to record from the region of cortex from which the best responses might be obtained. We relied on the sensitivity studies established in the SC to define the best area of visual rescue because it is quite difficult to construct a similar map across the cortex in dystrophic RCS rats. The corresponding cortical site was selected using a reference map obtained in non-dystrophic RCS rats. We observed that the cortical map could in some cases become distorted with spread of the area of good response into adjacent cortex that should be receiving input from less responsive retina. The issue of potential re-organization of V1 retinotopy as a result of uneven local retinal sensitivity will be addressed further in a future study.
In 11 of 14 grafted rats studied here, we recorded clear neuronal responses from microelectrode placements in the V1 representation corresponding to the best areas of SC responsiveness characterized by visual thresholds ranging from 0.6 to 2.3 log units (see Table  1 ). Of the other 3 rats, one (2389) died in preparation for V1 recordings, and the other two (2387, 2411) failed to show any definite V1 neuronal response to a range of stimuli. The absence of V1 responsiveness in these two last rats is in accord with the high visual thresholds observed in SC recordings and justifies their exclusion from the group of successfully grafted animals.
In the most successful cases (showing the best visual thresholds lower than 1.5 log), the functional properties of neurons frequently encountered were indistinguishable from those observed in control non-dystrophic rats.
A typical example of neuronal responses obtained in the V1 site corresponding to a region of the SC with a visual threshold of 0.6 log units is shown in Fig. 2 (the whole threshold distribution map in the SC for this rat is presented in Fig. 1 ). The curves representing neuron firing rate versus stimulus parameters are very similar to those observed in normal rats (compare with Fig. 1 in Girman et al., 1999) : they show sharp orientation tuning (less than 30°at 0.5 of maximal response) and directional selectivity, narrow band-pass spatial frequency tuning with optimal response at approximately 0.1 c/deg, reactions to moving gratings characterized by temporal frequency up to around 7 Hz, high contrast sensitivity up to 6%, and RF center size typical for normal rat (approximately 13°) with end-stopping zones and clear orientation-specific center-surround interactions (shown in Fig. 2F ). In the two most successful rats (2418 and 2743, in which most successful cortical recordings were also made), the part of V1 representing the frontal visual field spreading approximately 50°horizontally and 30°v ertically was intensively investigated with multiple microelectrode penetrations. We found that the map of the visual field representation over that part of V1 was quite similar to that recorded in control non-dystrophic RCS rats. Overall, 46 neurons were recorded in these rats. Mean values of response parameters calculated for all these neurons are given in Table 2 . Recorded cells represent both simple-like (F1/F0 > 1) and complex-like (F1/F0 < 1) populations, though, due to rather small number of units from which it was possible to collect data to compare F1/F0 ratio, it was difficult to ensure that there was a clear separation of modulated and non-modulated categories reflecting the two populations. The more frequent finding was of animals with SC threshold levels on the order of 2 log units (see Table 1 ). Fig. 2 shows an example of a typical set of response characteristics for a V1 neuron in such an animal. As can be seen, the neuron displays clear visual responses and rather sharp orientation tuning, but only responds to low spatial (0-0.02 c/deg) and temporal (0.4-2.5 Hz) frequencies with high contrast (100%) stimuli. The RF diameter is large (26°or more). In none of these rats was RF size less than 20°and it was not possible to demonstrate any center-surround interactions. While the majority of neurons recorded in these animals were SF--spatial frequency, periods per degree; TF--temporal frequency, Hz; Ori--sharpness of orientation tuning, deg; Contr--contrast sensitivity, %; RF--receptive field size, deg. Data for group of normal animals are collected from our previous work (Girman et al., 1999) . Numbers in brackets indicate the number of neurons studied.
tuned to low spatial frequencies and had low contrast sensitivity, orientation tuning and temporal resolution were less affected.
Responses recorded from sham operated RCS rats
Visual sensitivity recorded in the SC and V1 responsiveness were studied in 6 sham-operated rats. We found that the effects of sham injection on retinal function were very variable. In the two most effective cases (2377 and 2728, see Table 1 ), visual thresholds reached values as low as 2.4-2.6 log, and the area of SC from which threshold responses of 3.5 log units or better could be recorded amounted to 36% and 43% of total collicular area respectively. Nevertheless, even in these rats, the rescue was poor compared with any of the successfully grafted rats: the area of SC with threshold responses at 3.0 log units or less comprised only around 4% of the SC in sham-operated animals in contrast to 36% in grafted, and at 2.5 log threshold or less 0% versus 30%. In other sham-operated rats the effect was much less evident (the visual sensitivity thresholds was in the range of 3.2 to >4.5 log units in cases 2381, 2376 and 2727), and no SC visual responses were observed in case 2375.
When recording from V1 of sham-injected rats, it was quite difficult to find the best-preserved site because in the vicinity and even within the area of optimal responsiveness only a few neurons encountered had clearcut visual responses to the standard stimulus set. So, it was necessary to make many more microelectrode penetrations even in two most effective cases (2377 and 2728) in order to collect the number of neurons comparable to those characterized in grafted rats. In general, response properties of neurons successfully characterized in these two rats were quite similar to those in the worst grafted rats showing comparable visual thresholds in the best-preserved retinal sites. Single unit response properties recorded in sham-operated rats are summarized in Table 2 . V1 responsiveness dropped rapidly as electrode placement moved away from the best preserved point, so that when recording in craniotomies made more than 0.5 mm apart in different directions, only highly deteriorated visual responses could be elicited. In two other rats (2376, 2381) we were only able to elicit sporadic and very unstable responses, so that once the responses were averaged they were not significantly different from the unstimulated state. In the remaining two rats we were unable to isolate any visually driven single unit responses.
Statistical assessment of inter-group differences
A studentÕs t-test was used to compare the results of SC recordings in the groups of grafted and shaminjected rats. We found that there were statistically significant (p < 0:01) differences between the groups in the mean values of: (i) the visual thresholds in the bestpreserved point in the visual field, (ii) the average visual thresholds over the whole SC visual field representation and (iii) the percentage of rescued area over the SC. Both group were clearly different from age-matched unoperated dystrophic rats, which at this age virtually no longer responded to visual stimulation.
As to V1 responsiveness, parametric statistical methods for evaluation of differences in single unit response properties recorded in different groups of animals could not be applied to the main body of our data because many cells in the control group were simply not responsive to visual stimulation. It was interesting, however, to see if those visually driven neurons isolated in sham-operated animals were different from those recorded in grafted rats. Statistical comparison of data summarized in Table 2 using a Student t-test shows that the two groups were significantly different (p < 0:05) in: spatial frequency (optimal and cut-off), temporal frequency cut-off, contrast sensitivity, RF size and RF cutoff, and sharpness of orientation tuning. This was the case despite the fact that the group of units localized in the sham injected animals was achieved only by a much more extensive search and hence might represents subpopulation of the best tuned neurones.
Data collected in our previous background study (Girman et al., 1999) allowed us to also compare grafted and normal non-dystrophic rats. This comparison showed that the group of successfully grafted rats did not differ statistically from normals in spatial frequency cut-off, optimal temporal frequency and optimal RF size. Optimal spatial frequency of neuronal responses recorded in grafted rats was significantly lower than in normals apparently because higher proportion of neurons in grafted group had optimal responses for zero spatial frequency (on-off illumination of the whole RF). Sharpness of orientation tuning curves as well as RF cutoff in the two groups showed marginal statistical differences. Mean contrast sensitivity cutoff of neuronal responses observed in the grafted group was lower than in normal animals, and this difference was statistically significant.
Anatomy
Retinas from the majority of the animals used for physiology have been examined. Since most were embedded in plastic for both light and electron microscopy, it was not possible to make complete reconstructions of the whole retina. However the material did permit us to examine the area of best preservation and the overall distribution of rescued cells. Since the physiological recordings were made at 7 months of age onwards, these retinas were all between 7 and 8 months of age at sacrifice.
In the best functioning animal, 2743, one third of the retina studied had a photoreceptor layer more than 2 cells thick, with large part 4-6 cells thick (Fig. 3A) . Outer and inner segments could be resolved in this region and frequently the RPE layer was seen to be bilayered, with one layer composed of darker staining cells. Another one third of the retina had scattered or single layer of photoreceptors. In general, in this region the debris zone was quite limited. The remaining third of the retina had virtually no photoreceptors remaining and the debris zone was essentially absent.
Other animals with lesser functional rescue showed focal areas with 2-3 cells thick outer nuclear layer (Fig.   3B ). Otherwise there were large areas of retina with scattered photoreceptors or almost no photoreceptors (Fig. 3D) . In areas where there were scattered photoreceptors, it was usual for the debris zone to be variable in thickness, but generally, this zone was largely missing from regions virtually devoid of photoreceptors. In sham-operated animals, there was an area close to the injection site in which a small focus of photoreceptors was located (Fig. 3C) . These did not generally form a single layer, but cells were frequently interspersed among cells of the inner nuclear layer. A major difference from the transplanted retinas was that no evidence could be seen of inner or outer segment material be- Fig. 3 . Semi-thin sections of retina of animals taken at the end of physiological recording sessions. (A) Section taken from an area of best preservation from animal 2743 which gave best threshold responses of 0.6 log. Note substantial thickness of region containing outer segment material (OSM) including some outer segments (arrows). (B) Taken from edge of an area of good rescue in animal 2728, again showing substantial outer segment material and outer segments (arrows). (C) Area of best rescue in sham operated rat 2727. There is a very small-localized area of rescue (white triangles). In comparison with A and B, note the irregularly array photoreceptor nuclei and the absence of material in the subretinal space between photoreceptor nuclei and RPE. In this rat, the best threshold response recorded from the superior colliculus was 3.5 log. (D) Area of retina in transplanted rat 2743 some distance from the area of best rescue. Based on the physiological recording this area of retina would be expected to give a threshold response of around 3.5-4 c/m 2 . Scale bar equals 50 lm for all the micrographs. Abbrevations: INL: inner nuclear layer; IPL: inner plexiform layer; ONL; outer nuclear layer; OSM: outer segment material; RPE: retinal pigment epithelium.
tween the photoreceptor nuclei and RPE. Extending some distance away from the injection site, there was a low density of photoreceptors.
Discussion
This study shows that at ages over 7 months when no visual responses could be elicited in V1 cortex in dystrophic RCS rats, clear and reliable V1 single unit responses were present in those rats that had received sub-retinal human RPE cell line transplants. Injections of medium alone provided local functional rescue, but when V1 units could be isolated, their responses were significantly less tightly tuned than cells in transplanted animals. Performance varied among transplanted animals but this correlated with tectal threshold responses and to some extent with the degree of photoreceptor survival.
The anatomical observations were conducted to see what was the disposition of the retina, particularly in the area of best preservation, which was presumed to be the area of visual representation corresponding to the area of best response recorded centrally. On the basis of this, it appeared that a photoreceptor layer 4-6 cells thick was sufficient for threshold responses close to normal levels and to cortical physiological responses that differed little from normal in all but a few parameters. In accord with previous studies (Keegan et al., 2000) regions of two photoreceptor layers thick corresponded with threshold responses around 2 log units. Further from the graft it would appear that threshold responses of 3.0-3.5 log units could be achieved with a scattered distribution of photoreceptors. Notably, the shaminjected retinas showed no clear evidence of segment material and this would correlate with their poor performance even in areas of best responsiveness. Further work is necessary to correlate in more detail performance and retinal cell rescue and to relate this exactly to distribution of donor RPE cells. However, other studies (Keegan et al., 2000; Sauv e e et al., 1998) , indicate at least a general correspondence of photoreceptor rescue and threshold measurements; and the present study shows that best performers do have better maximum photoreceptor rescue. The presence of inner and outer segment material adjacent to rescued cell bodies in the transplant group suggests that not only photoreceptor numbers but also integrity of their outer segments may be important for optimal function.
Of the eight neuronal response parameters recorded in the transplanted animals only three differed statistically from those recorded from normal, non-dystrophic rats. In a study examining animals screened for good performance after similar grafts , it was found that animals could retain discrimination of stationary vertical and horizontal stripes with a resolution similar to normals, indicating that the level of VI responsiveness observed in the present study in the most successful grafted animals can support pattern vision. However the degree to which cortical unit responses of these same animals compared with normals varied from one animal to another and not all stimulus parameters were affected equally. In general the variability in VI neuron properties observed in the present study correlated closely with the threshold studies achieved in the SC: transplant animals with areas of low threshold responses showed response tuning in the cortex which more closely approximated that found in normals. While some responses were elicited from sham operated rats, visually responsive cells were hard to locate and when they were found they were generally poorly tuned. Nevertheless, in contrast to unoperated RCS rats of the same age, a few responsive cells were found in some sham operated animals and although considerable searching was necessary to locate them, it was possible in the best shams to find neurons with response properties that compared with poor transplant responders. Behavioral studies showed that while sham operated rats could make a light/dark discrimination, they were unable to perform pattern discriminations even with stripes of 0.014 c/deg .
The results obtained in untreated animals show that progressive loss of photoreceptors has a major impact on V1 visual responsiveness. The V1 neuronal functional properties are deteriorating with retinal degeneration, so that the latest age when it is still possible to record V1 unit responses is around 6 months. It is surprising to observe any V1 responsiveness at this age when anatomically only occasional photoreceptor cells can be seen in the retina, and the visual threshold established in SC recordings show elevation to 3-4 log (Sauv e e et al., 2001 ). This observation however has a parallel in previous studies recording evoked potentials (EP) from the visual cortex (Noell & Salinsky, 1985) , where visual responses can still be recorded beyond 150 days of age. Our data based on single unit recordings is consistent with the findings of the EP study, but recording from single cells allows us to avoid ambiguities inherent to EPs recording relating to localization of EPs sources.
One issue suggested by both the findings of persistent responses in cortex during the course of degeneration and the quite sophisticated behavior of cells after transplants that rescue relatively few photoreceptors is whether in the sensory processing that occurs between retina and cortex there are adaptive events that can compensate for the loss of input signal. Certainly in another model of retinal degeneration, the P23H transgenic rat, it is apparent that the deterioration of the B wave ERG is slower than that of the A wave suggesting that even in the retina there is a mechanism in place to adapt to the reduced signal (Machida et al., 2000) .
Whether this also happens in the cortex has yet to be examined.
There is a substantial literature describing interactive interrelations between eye and cortex. On the one hand even though the retina may be relatively unaffected, rearing of animals under conditions of amblyopia has severe and irreversible impact on cortical processing of visual input (Wiesel, 1982) . Conversely, if the retinal input is profoundly disturbed as by injection of DL-2-amino-4-phosphonobutyric acid (APB) into the eye, destroying the ON pathway, there is nevertheless unexpectedly good central vision (Schiller, Sandell, & Maunsell, 1986) , suggesting some level of regulation. In addition, local retinal lesions result in spreading of the visual map to fill the scotoma that is created (Chino, Kaas, Smith, Langston, & Cheng, 1992; Eysel & Schweigart, 1999; Kaas et al., 1990 ). The present preparation has two differences from these studies in that in contrast to amblyopia studies, the major loss of retinal input occurs after the critical period and in relation to the retinal lesion studies, the loss of retinal input is chronic rather than acute, leaving more opportunity for plasticity. Whether such dynamic changes caused by degeneration and rescue might be modulated by functional training as has been found in other transplantation studies (Coffey, Lund, & Rawlins, 1989; Dobrossy & Dunnett, 2001) remains to be investigated.
The RCS rat has homology with a cohort of patients with RP (Gal et al., 2000) . It also provides an indirect model for age related macular degeneration in that in both cases the photoreceptor loss is due to a disorder of the RPE although the cause and histopathological consequences are very different (Fine, Berger, Maguire, & Ho, 2000) . As such, the transplantation studies here show the possibility of using cells for restoration of vision. The cell lines used here are both of human origin and with suitable safety precautions they or similarly constructed extended life cells could serve as potential donor cells in human studies. In this context, the rat experiments serve as an effective ÔbioassayÕ for efficacy of such cells.
